We report on the creation of angle-independent colors on silver using closely time-spaced laser bursts. The use of burst mode, compared to traditional non-burst is shown to increase the Chroma (color saturation) by ∼50% and to broaden the lightness range by up to ∼60%. Scanning electron microscope analysis of the surfaces created using burst mode, reveal the creation of 3 distinct sets of laser induced periodic surface structures (LIPSS): low spatial frequency LIPSS (LSFL), high spatial frequency LIPSS (HSFL) and large laser-induced periodic surface structures (LLIPSS) that are 10 times the laser wavelength and parallel to the laser polarization. Nanoparticles are responsible for each plasmonic color and their distributions are observed to be similar for both burst and non-burst modes, indicating that the underlying structures (i.e. LIPSSs) are responsible for the increased Chroma and Lightness. Two-temperature model simulations of silver irradiated by laser bursts show significant increase in the electron-phonon coupling coefficient which is crucial for the creation of well-defined ripple structures. Finite difference time domain (FDTD) simulations of the colored surfaces show the increase in Chroma to be attributable to the HSFL arising in burst mode.
Introduction
Metallic nanoparticles (NPs) exhibit unique plasmonic responses when exposed to optical radiation, leading to promising applications in many fields, such as material processing [1] [2] [3] , solar cells [4, 5] and medicine [6, 7] . It was shown that the surface plasmon (SP) resonance of nanoparticles is influenced by factors such as size, volume fraction, shape and permittivity [8] [9] [10] . Coloring metal surfaces by exploiting surface plasmon resonances is an emerging topic and multiple fabrication techniques exist to tune the plasmonic response on the surface of metals [11] [12] [13] [14] [15] . However, current processes are tedious and time consuming. The use of lasers for the coloring of metals is still a relatively new concept. The coloring of metals using lasers has been described by a three step process: (1) laser induced melting, (2) spallation and (3) redeposition and fusion of NPs onto the substrate [1] . The exposure of metals to laser light can also produce laserinduced periodic surface structures (LIPSS). Their formation is understood as resulting from the interference between the laser light and a surface scattered wave [16] [17] [18] [19] . Recently, it has been suggested that excited surface plasmon polaritons (SPPs) during laser irradiation could play a crucial role in the formation of LIPSS and that surface plasmon (SP)-grating assisted coupling would be responsible for the creation of laser-induced periodic surface structures (LIPSS) with periods smaller than the wavelength of light [16] . Such ripples are typically oriented perpendicular to the light polarization and governed by the transverse magnetic (TM) characteristics of excited SPs [16] . Periodic structures with periodicity of λ/10 called high spatial frequency LIPSS (i.e. HSFL) were also observed, however, their origin is still debated [20, 21] .
Recent advancements in laser burst technology, consisting of closely time-spaced laser pulses, have found many applications in the machining of glass and metals [22, 23] . The use of burst in the ablation of metals was shown to increase the ablation rate due to interactions of subsequent pulses within the burst with the already hot surface [24, 25] . Typical two temperature models are known to neglect the temperature dependence of many parameters [24] , a valid assumption when modeling light-matter interaction with a long pulse separation. However, in burst mode, a modified two-temperature model is needed in order to consider the temperature dependence of the interaction. Hu et al. [25] showed that the use of burst with picosecond pulse separation significantly decreased the electron relaxation time and increased the electron-phonon coupling coefficients of copper by a factor of 11 due to the higher electron temperature perceived by the next pulse within the burst. Electron-phonon coupling plays a crucial role in the creation of LIPSS. An increase in electron-phonon coupling could have major implication in the creation of LIPSS on metals typically known not to respond well to laser irradiation, such as silver and gold [26] . In addition, burst was shown to interact with the initial ablation plume causing the plume to augment significantly in volume [22] , redepositing nanoparticles onto a larger area. In this paper, we report on the coloring of silver using burst mode. The formation of 3 distinct of LIPSS: 1) low spatial frequency LIPSS (LSFL), 2) high spatial frequency LIPSS (HSFL) and 3) large LIPSS (LLIPSS) is presented. The use of burst on silver is shown to increase the Chroma values by ∼50% and extend the lightness range by up to ∼60%. Comparisons between colored surfaces produced with burst and non-burst reveal the same statistical distribution of nanoparticles, pointing to the underlying LIPSS structure as likely responsible for the increased Chroma and Lightness range. Two-temperature model simulations of the burst process shows that each pulse within a burst impinges on an increasingly hot surface and also reveals an increase in the electron-phonon coupling responsible for the well-defined LIPSS. Finite-difference time-domain (FDTD) simulations of the surfaces reveal the HSFL to be responsible for the increase Chroma values observed experimentally.
Methods
The irradiation of silver surfaces was carried out in a rasterscanning fashion, as sketched in Figure 1a , with 1064 nm light from a Duetto mode-locked laser (Nd:YVO 4 , TimeBandwidth Product) producing 10 ps pulses. The burst repetition rate f b = 1 T b (T b is the burst period) was tuneable from 50 to 8200 kHz. The time separation between each pulse within a burst is t ib = 12.8 ns, and is fixed, Figure 1(b) . A selection of 1 to 8 pulses within each burst was available. The distribution of energy within each shot was controlled using software provided by the manufacturer (FlexBurst T M ). For this paper, the energy of the burst pulses are such that the amplitude of each pulse within a burst is decreasing (i.e. reducing in energy). The light was focused on the silver surface using an F-theta lens (f = 163 mm, Rodenstock). The laser was fully electronically integrated and enclosed by a third party for industrial applications (GPC-PSL, FOBA). For accurate focusing, the surface of the samples was located using a touch probe system. The silver samples were of 99.99% purity. Samples were not polished prior to machining to meet requirements of reproducibility in industrial application. For machining, the samples were placed on a 3-axis stage with a resolution of 1 µm in both the lateral and axial directions. The samples were raster scanned using galvanometric XY mirrors (Turboscan 10, Raylase) displacing the beam in a top to bottom fashion, Figure 1(a) . The laser polarization was kept parallel to the laser machining direction. The laser power was computer-controlled via a laser interface and calibrated using a power meter (3A-P-QUAD, OPHIR). A Gaussian beam radius of ≈ 14 µm was obtained from a semilogarithmic plot of the square diameter of the modified region, measured with a scanning electron microscope (SEM), as a function of laser pulse energy following the method described in [27] . High resolution SEM (JSM-7500F FESEM, JEOL) images were obtained using secondary electron imaging (SEI) mode. Colors were quantified using a Konica Minolta CR-241 Chroma meter in the CIELCH color space, 2 observer and illuminant C (North sky daylight). Two-Temperature model (TTM) simulations were done using parallel computing and implemented on CUDA allowing for the use of a GPU. The TTM model equations were solved using the finite-difference method using a space discretisation step size of 2.5 nm [28] . The time step was chosen to be on the order of attoseconds for numerical stability. Three dimensional finite-difference time-domain simulations [29, 30] were performed to determine the origin of the Chroma increase. We used in-house 3D-FDTD parallel code [31, 32] on an IBM BlueGene/Q supercomputer (64k cores) part of the Southern Ontario Smart Computing Innovation Platform (SOSCIP). The dispersive Drude-2CP model for silver was used. The simulation domain was discretized with a space step of 0.25 nm. Figure 2 demonstrates the angle-independent coloring of silver coins using burst. The different colors were obtained by varying the laser fluence, marking speed, line spacing and number of pulses per burst. In previous work, we showed that each color was bound to a total accumulated fluence curve and that by simply changing the line spacing between successive lines one could generate a full palette of colors [3] . The total energy deposited on the surface remains the same, however, the division of the laser energy into multiple closely spaced pulses (within a burst), Figure 1 (b) , is found to have significant effects on the colors. The colors with nonburst (one pulse per burst) were visually less desirable and appeared mat or even burnt. We make the valid assumption that each of the pulses within the burst overlap perfectly on the surface given the timescale and the relative motion of the galvanometric mirrors. Interestingly, in the case of burst, a significant increase in Chroma (∼50%) can be observed over the full range of colors, with the exception of yellow, Figure 3(a) . The range of lightness for burst is also significantly larger than for non-burst, by 60% for particular Hue values, Figure 3(b) . The increased range of Lightness has far-reaching implications for the coloring of silver because it allows for a significantly broader palette of colors (e.g. sky blue or navy blue). In a previous publication we explained the origin of the colors for non-burst as a plasmonic effect coming from the coupling of small and medium nanoparticles on the surface [3] . SEM image analysis and FDTD simulations of colored surfaces showed that different colors originated from different particle arrangements on the surface of silver due to their collective plasmonic oscillations. The surface of the colored regions of silver were relatively flat with no distinct elevation. In contrast, SEM images of the burst surfaces shown in Fig. 4 , reveal surprising structures that are not present in the nonburst case. In addition to LIPSS, other much larger periodic structures (i.e. LLIPSS) are observed that are 10 times the wavelength of the incoming laser light and are oriented along the direction of the laser polarization. At normal laser incidence, their creation cannot be explained by light-scattering interference or light-plasmon interference theories [16] [17] [18] [19] .
Results and Discussion
The structures appear only under burst and are more pronounced for a burst of 2 pulses due in part to the higher energy per pulse within the burst. The evolution of the structures with decreasing number of pulses per burst (i.e. higher energy per pulse) gives us insight into the creation of the LLIPSS structures. For 8 pulse bursts, Figure 4 (a) , random hole-like structures are seen on the surface. With a decreasing number of pulses per burst (b,c) the number of random hole-like structures increases and they eventually coalesce (d) to form structures that are 10 times the wavelength of light. This indicates not only a feedback mechanism in the process but possibly dynamic interaction with the molten surface. Close-up views of the surfaces (e-h) reveal well-defined periodic structures that are parallel to the laser polarization with a periodicity of ≈ λ/10 (i.e. HSFL).
High-resolution SEM images of surfaces revealed the presence of 3 particle classes [3] . Measurements and comparisons of the number of particles for the different colors obtained with and without burst are shown in Figure 5 . The number of small nanoparticles (∼ 6.5 nm radius) per unit area is similar for a given color. Previous work showed the small NPs to play a dominant role in the plasmonic coloring of silver [3] . From this observation, the differences in Chroma and Lightness can only come from differences in the underlying surface structure. Huang et al. [16] showed that crevasses create stronger electric fields than non-topographical surfaces when exposed to optical radiation. This would serve to explain the enhanced plasmon resonance of a particle on the edge of a crevasse, consequently increasing absorption. This could in turn cause the Chroma to increase significantly.
Two-Temperature Model
The TTM is a 1-D temperature diffusion model representing the diffusion of the laser energy in the electron and lattice subsystems [33] . The relations describing the dynamics of diffusion is given by coupled differential equations where the laser energy is diffused mainly through the electron system. The energy is transferred to the lattice via collisions which are represented by electron-phonon coupling. The relations are:
where C e and C l are the electronic and lattice thermal heat capacities respectively, k e is the electronic thermal conductivity, k l is the lattice thermal conductivity, g is the electron-phonon coupling, S is the energy deposited on the surface by the laser and T e and T l are the electronic and lattice temperatures, respectively. The lattice thermal conductivity is assumed to be negligible in comparison to the electron thermal conductivity and is usually neglected in TTM simulations [34] . The electronic thermal heat capacity versus temperature was taken from [35] and fitted in order to have a clear relation with temperature over different temperature ranges. The electronic thermal conductivity and electron-phonon coupling were calculated using the relations found in [34] . The lattice thermal heat capacity was calculated in the high temperature limit applying the Debye model [36] . The laser absorption by the material was calculated using the following relations [25, 37] : (3) and
where R is the surface reflectivity, α is the absorption coefficient, I is the laser intensity, τ is the pulse length, and J 0 is the laser fluence. The material reflectivity and absorption were continuously calculated using the temperature dependence of the electron relaxation time in the Drude + 2 Critical Point model [38] . As the lattice temperature reached 0.9 times the critical temperature (T c ), critical point phase separation (phase explosion) occurs and material is removed from the surface [24, 25] . In our simulations, when material the reaches 0.9T c (in the lattice), the regions with this temperature are ignored for the remainder of the simulation and the layer below is assumed to be the new surface for the next laser pulse.
The different colors created using a different number of pulses per burst for a fixed total energy is believed to come from the already hot surface that is encountered by subsequent laser pulses within a burst. Figure 6 (a) , is a 1D TTM simulation of the temperature field with respect to time for a burst of 8 pulses, each separated by 12.8 ns. For simplicity each pulse within the burst was taken to be of equal amplitude affecting only the magnitude of the electron-phonon coupling. It can be clearly observed that the surface perceived by subsequent pulses is significantly hotter and increases with each pulse within the burst. In Figure 6 (b), we see during the laser irradiation that the electron temperature is significantly higher than that of the lattice. This is due to the assumption that the electrons absorb the laser energy before transferring it to the lattice. As energy diffuses into the bulk, the excited electrons transfer their energy to the lattice by collisions until the lattice accumulates more energy than the electron system near the surface. With time the system tends to equilibrium. In the case of burst, another pulse hits the surface before this equilibrium is reached. The electron-phonon coupling values for burst in Fig. 6  (c) show an increase in electron-phonon coupling strength of up to ∼14% explaining the higher and better defined LIPSS observed in burst. The electron-phonon coupling coefficient is proportional to temperature. The pulse separation being much shorter than the thermal relaxation time of silver, heat accumulation is seen to occur in the metal causing the electron-phonon coupling to increase. The link between the LLIPSS and the higher electron-phonon coupling is however not clear. Other groups have observed similar structures from the accumulation of laser shots on a surface [39] , however, our experiments showed no such structures in the non-burst case even for the same local amount of shots indicating that the structures arise from interaction with the already melted surface. Higher magnification SEMs also reveal HSFL, Figure  4 . Previous coloring of silver surfaces, without burst, fail in all instances to produce such structures on silver [3] . It is believed that the emergence of such structures with burst is directly linked to the increase of the electron-phonon coupling since it is known to play a vital role in the quality of ripple structures [1, 26] . The use of burst could prove to be highly effective in creating well defined LIPSS structures on metals that normally do not respond well to LIPSS formation. Figure 7 : (a) Graphs of reflectance versus wavelength computed using the FDTD method on burst and non-burst surfaces with the same particle density. FDTD simulations showing the electric field distribution on medium and small NPs sitting on HSFL structures at 730 nm in the (b) xz and (c) xy plane. The xy plot is taken for z=0.5×z max and xz through the center of the small spheres on top of the burst structures.
FDTD Simulations
Following the approach in our previous work [3] , we utilized SEM statistical analyses of the nanoparticles distributed on the silver substrate for the FDTD simulations. The SEM analyses of the colored regions reveal the same nanoparticle density, for the same Hue value, following burst and nonburst processing of the surface, Figure 5 . The only difference originate from the modulated silver surface. For LLIPSS, Chroma (Lightness) values were observed to be always higher (lower) for an 8 pulse burst and, surface SEM images showed the LLIPSS to not yet be fully formed, Figure 4 . From this observation the LLIPSS are believed to not play a significant role on the enhanced Chroma, but instead play a role on the overall Lightness, as the latter increases with a decreasing number of pulses per burst. In the case of LSFL, their dimensions are of the order of the laser wavelength which is much larger than the nanocluster size. For this reason, LSFL can be responsible for surface plasmon coupling, and angle-dependent coloring effects due to grating diffraction. However, we believe that they would not affect significantly the resonance condition of the heterogeneous nanoclusters of small and medium size nanoparticles (NPs), which contribute angle-independent color formation by selective absorption. In addition, from the manipulation of the coin and its observation under various viewing angles, the colors were found to be angle-independent suggesting that selective absorption dominates over light diffraction. Thus, only HSFL are considered in the 3D-FDTD simulations as their dimensions introduce resonance conditions in the optical range, and would therefore participate in the color formation process, in agreement with groups that showed angle-independent coloring of metals using periodic structures below the diffraction of visible light.
Similar to our previous work, we chose the inter-particle distance of the medium NPs as an integer multiple of the inter-particle distance of the small NPs, in order to apply periodic boundary conditions (PBCs) [3] . To reproduce the surface following burst processing, we introduce a modulation of the surface along the x-direction with crevices of width ∼100 nm (based on SEM) and height ∼50 nm to simulate the presence of the HSFL. PBCs are applied in the x and z directions. For a flat surface (non-burst) the reflectance is polarization independent due to the distribution of NPs on a hexagonal lattice; this does not hold in the burst case because of the non-flat surface. In Fig. 7(a) , we show the reflectance for an x-polarized excitation to include the effect of the crevices (i.e. HSFL). The colors perceived would nonetheless remain relatively angle-independent as the color observed would be an average of all the different polarization component incident on the structured surface.
In Fig. 7(a) , we show the reflectance associated with three colors obtained for non-burst simulations, e.g, green, blue and magenta, and the reflectance resulting from the same NP density distributed on the surface modulated by HSFL crevices. This leads to an increase in Chroma from 31.8 to 40.6 or ∼27% for green, from 41.6 to 55 or ∼32% for blue, and from 19.3 to 64.4 or ∼233% for magenta. The color was rendered using Matlab code to convert the reflectance to color, and the RGB values are used to draw the corresponding lines on Fig. 7 (a) . The presence of the crevices in the burst case increase the Chroma values for the three different colors with respect to the non-burst case (i.e. flat surface), as observed in experiments. We observed experimentally, overall, a maximum increase of ∼68% for green (90-150 Hue), ∼61% for blue (210-270 Hue) and ∼22% for magenta (270-330 Hue).
The sub-wavelength HSFL influence the color formation process because of the enhanced absorption in the crevices. The plasmon resonances are enriched by the presence of the x-periodicity, which introduces new surface collective resonances at higher wavelengths. This is revealed by the absorption dips at higher wavelengths in Figure 7 (a) , and confirmed by the field distribution at 730 nm as seen in the blue color case in Figure 7 (b,c) . The latter figure shows the absolute value of the electric field on an xz plane cut through the middle of the small NPs; in the central part of the figure there are no NPs since they are located at a lower height inside the crevice.
Conclusion
Colors covering the full spectrum were obtained using closely time-spaced laser pulses (burst mode). The use of burst mode to color silver is observed increase Chroma values by ∼50% over most of the color spectrum and broadens the lightness range by ∼60% compared to non-burst mode. These increases are accompanied by the creation of 3 kinds different laserinduced periodic surface structures on the surface of silver. One of these structures is 10 times the wavelength of light and cannot be explained by conventional theories. The LLIPSS is observed to increase the Lightness of the colors. TwoTemperature model simulations show a significant increase in the electron-phonon coupling using burst and is believed to the responsible for the well defined LIPSS and HFLS on the surface of silver following picosecond laser exposure. FDTD modeling of the representative surfaces corroborate the involvement of surface plasmons in the color formation process and show the importance of the crevices (i.e. HSFL) to enhanced absorption and enriched plasmon resonances. The presence of the LSFL on the surface and the absence of angledependent colors suggest that selective absorption dominates over diffraction.
